The sustained drive for faster and smaller micro electronic devices has led to a considerable increase in power density. The ability to effectively pump and enhance heat transfer in micro/mini channels is of immense technological importance. The micro channel heat exchanger has great advantages for high heat flux applications due to their high surface-to-volume ratio. Unfortunately, the small dimension of the micro channel leads to a large pressure drop and low Reynolds flow, which is usually associated with the low heat transfer coefficient.
INTRODUCTION
Micro-cooling technology has developed in response to the need for thermal control in the fabrication and operation of micro-and nano-scale such as high speed, high-density micro scale electronic devices, micro sensors and micro machines. Applications also exist in the miniaturization of such process plants as lab-on-chip (LOC) technology. In addition to meeting micro scale size requirements, micro-cooling devices must be capable of extremely high performance. For example, heat dissipation rates on the order of 100 W/cm2 are required for the state-of-the-art computer chips while heat fluxes in excess of 14000 W/cm2 are expected for Photon Source X-ray radiation. To meet these requirements, innovative cooling techniques through devices such as micro refrigerators, micro heat sinks, and micro heat exchangers are under development.
Considerable amount of studies on heat transfer in oscillating/pulsating macro channel flows have been published [1-10, and many others] in the last few decades although the results were very inconclusive. Both enhancement and reduction of heat transfer rates have been found in experiments. Results varied with oscillating parameters, boundary conditions, fluid type and geometries. There is limited study of oscillation flow heat transfer (OFHT) in micro system until last few years [11] [12] . A new micro heat spreader (MHS) concept for efficient transport of large concentrated heat using oscillation flows was introduced [13] . The potential advantages of the MHS include its ability to control the maximum surface temperature and the easy integration into the microchip components as an onboard cooling system. Most recently, Suzuki [14] reported the OFHT experiments in the mini channels with inner diameters ranging from of 0.3 to 0.8 mm. It concluded that the effective conductivity of their oscillation heat transfer device was about 25 times higher than that of copper and made this technique attractive for nextgeneration electronic cooling.
In spite of the differing in the degree of enhancement, a common finding is that the changes in heat transfer rate due to flow oscillation are more pronounced in the entrance and exit region [6, 13, [15] [16] . In this paper, we propose a novel and simple streaming-based micro channel cooling technology using oscillatory flows.
METHODS
The phenomenon of the flow streaming are found in zeromean velocity oscillating flows in a wide range of channel geometries. Although there is no mass flow (zero-mean velocity) passing through the channel, the discrepancy in velocity profiles between the forward flow and backward flow causes fluid particles near the walls to drift toward one end while fluid particles near the centerline drift to the other end. We hypothesize that the unique characteristics of flow streaming could be used to achieve the convective cooling. Figure 1 illustrates mechanisms of flow streaming in two common geometries. Panel A, shows a qualitative picture of the axial velocity profiles of fluid in a macro-channel bifurcation tube based on the work of [13] . During the inflow (to the right), the parabolic velocity profile in the mother tube was split in half at the location of when entering the daughter tubes, resulting in a nonsymmetrical profile with the maximum velocity skewed to the inner wall of the daughter tubes. During the backflow (to the left), two fully developed, parabolic flow profiles in the daughter tubes merge at the center of the bifurcation and result in a max U ε -shaped symmetrical profile in the mother tube with a zero velocity at the center. A discrepancy in velocity profiles between inflow and backflow causes fluid elements near the walls to drift toward the mother tube (negative drift) while fluids near the centerline drift to the daughter tubes (positive drift).
Mechanisms of Flow Streaming

Figure 1 Mechanisms of Flow Streaming
Panel B shows the sketch of a fluid streak deformation profile in a tapered macro-channel based on the work of [14] due to discrepancy between oscillating divergent (from narrow end to wide end) and convergent flows (from wide end to narrow end) in a tapered channel.
One of the successful applications of flow streaming is the High-frequency-ventilation (HFV) technique used in emergency rooms of hospitals. In contrast to conventional ventilation, which mimics normal breathing, HFV operates with tidal volume much smaller than the anatomic dead space (or with a very small oscillation amplitude) of the lungs at a higher rate of breath. The successive bifurcation networks coupled with the tapered lung airways geometry promote two way fluid streaming within the entire human lungs. 2 
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The mechanisms of flow streaming we study are different from those of acoustic streaming. Acoustic flow streaming originates from attenuation of the acoustic field. The attenuation spatially reduces the vibrating amplitude of the acoustic wave and hence generates Reynolds stress distributions and drives the flow to form the acoustic streaming. Acoustic streaming occurs in most geometries when an acoustic field exists, while the streaming flows we study are induced by the pressure-driven asymmetrical oscillating flows. In addition, oscillating parameters are quite different. In most cases, the acoustic vibration has much higher frequency (>100 kHz vs. <0.1 kHz) and much smaller amplitude (< 0.1 mm vs. > 1 mm).
Hypothetic Mechanisms of Streaming Based Heat/Mass Transfer Enhancement
We predict that flow streaming will add additional feature to OFHT. It will not only preserve the high heat transfer coefficients near the entrance and exit region as conventional oscillation flow does, but also has the higher heat/mass transfer coefficients in the middle section of the channel. We think the two-way flow streaming, or the sliding of the warmer (or high concentration) liquid layer near the channel circumference region over the cooler (or low concentration) liquid layer near the channel core region, should effective disrupt the low laminar heat/mass transfer gradient, stretch the total surface area of heat/mass transfer interface, and therefore enhance heat/mass transfer in micro channel.
Figure 2. Predictions of Heat Transfer Performances between Two Types of Oscillating Flows
For a meaningful comparison of OFHT performance between the traditional and streaming flows, let's assume that the Re number (based on the mean channel diameter and mean flow velocity), total heat transfer surface, heating intensity and oscillation parameters are same. Figure 2 illustrates the anticipated heat transfer behaviors of the two OFHTs. Constant wall temperature boundary conditions are applied. The oscillating volumes are less than the channel volume. Panel A, sketches the average surface temperature distributions along the axial direction. Since there are two thermal entrance regions for OFHT, the surface temperature curves should be convex in shape. For streaming flow, the temperature-lift (defined as the difference between the maximum and minimum wall surface temperature) is lower than the counter part of the conventional oscillation flow due to extra flow mixing. Generally speaking, the local temperature of the substrate surface is more important than the average surface temperature and the reduction of the chip thermal stress caused by temperature-lift is very important in electronic cooling. The OFHT with streaming will have advantages due to lower temperature lift. Panel 2B sketches the local Nu number along the axial direction. For OFHT, the local Nusselt number does not decrease monotonically as steady flow heat transfer does. It decreases first and then starts to increase after the middle section of the test channel. The predicted Nu number for streaming flow will be higher than the traditional oscillating flows.
PRELIMINARY STUDY Prediction of Flow Streaming in Micro Channels
Using scaling analysis, we may predict the magnitude of streaming velocity. Based on mass conservation principle for incompressible oscillating flows in a tapered channel, it can be shown that the instantaneous volume rate along the channel must be a constant, or, = C, where r and u are channel radius and mean velocity, respectively. The equation can be written in the differential form, i.e., Multiplying the oscillation frequency f, the streaming velocity in terms of meter per second is derived. The above scaling analysis shows that the relative streaming velocity in a micro tapered channel will be higher than that in the macro channels. It is noted that streaming flow is directly correlate to the surface area of developing flows region. The ratio of surface area to volume changes as the function of 1/r. Therefore, as the channel diameter decrease, the relative strength of streaming flow will increase. 
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Flow streaming in a bifurcating structure is much more complicated than that in a straight tapered channel. In addition to the aforementioned parameters, it also depends on diameter ratio of mother to daughter tube as well as bifurcation angles. To simplify the analysis, let's assume inflow has a perfect parabolic velocity profile and backflow has a perfect uniform velocity profile in the mother tube with zero mean velocity. The maximum streaming velocity should occur at the center with the order of U. 
We had conducted preliminary computer simulations of two-dimensional streaming flow in a micro bifurcation channel using Fluent v.6.2 CFD software (ANSYS, Inc.). Computer simulations provide distribution patterns of mass concentration, which are essential in understanding the phenomena of flow streaming but not yet possible to obtain experimentally with current technology. Since the governing equations for mass concentration and temperature are of the same format, the temperature distribution patterns will be the same as that of the mass concentration at the correspondingly same boundary conditions.
The fluid is treated as viscous, homogeneous, and incompressible. Its motion is governed by the Navier-Stokes equations and the continuity equation. The flows were considered to be strictly laminar.
Convective temperature/mass concentration equations are simulated, in which the input heat conductivity/mass diffusivity is set to be zero. A grid size of 20 x 120, time step of 0.01 sec were used as a compromise between computational accuracy and the CPU time. A time dependent parabolic inlet velocity profile, in which the center velocity is defined as The aspect ratio L/d (length/height) of the mother tube was 10. Oscillation frequency f = 10 Hz and amplitude A = 4d was simulated. The Reynolds number, which is based on the center maximum velocity and the channel height, is equal to 7. Figure 3A and 3B display the temperature profiles at end of the 1 st cycle (t = 0.1 Sec) and the 20 th cycle (t = 2 Sec), respectively. Results show that although the oscillation amplitude is only 4d and heat conductivity of fluid is zero, the cool liquid front quickly moves past the bifurcation point of the mother/daughter channels in less than 2 second due to action of flow streaming. The average fluid oscillation velocity U in the simulation, defined as:
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It is noted that the / = A, where A is the oscillation amplitude. Assuming the streaming velocity is an order of magnitude smaller than the mean oscillation velocity, i.e., = 0.1 U, the ratio of convective streaming heat transfer to conduction heat transfer is then:
The above Equation shows that the ratio of streaming convection to conduction is directly proportional to the fluid thermal capacity, oscillation intensity as well as heat transfer distance. In the above simulation, if the liquid water is used as the working medium and copper is used for heat conduction material, oscillation frequency is 10 Hz, oscillation amplitude is 0.004 mm, channel length is 100 mm, and the estimated ratio of streaming convection to conduction is 8.3.
Computer simulation of flow streaming and temperature profile with heat conductivity k = 0 in a straight 2-D tapered channel is also simulated as shown in Figure 4A and 4B. Oscillation frequency f = 10 Hz, amplitude A = 4d (d = average height) and channel slope 0.06 are simulated. The boundary conditions are similar to ones used in bifurcation flow simulations. Figure 4A and 4B display computer simulated temperature profiles at end of the 1 st cycle (t = 0.1 Sec) and the 20 th cycle (t = 2 Sec), respectively. Results again show that although the oscillation amplitude is a fraction of the channel length and heat conductivity of fluid is zero, the front of the cool liquid quickly moves to the right side due to the action of flow streaming, implicating a higher heat transfer coefficient compared with the oscillatory heat transfer in a straight tube. It is noted that for the oscillation heat transfer in a straight pipe with the zero fluid heat conductivity, the heat transfer in axial direction will not go beyond the range of flow oscillation. We are also conducted preliminary flow streaming experiments in mini-channels bifurcation networks using dyeing fluids. Square cross-sectional channel geometries of 0.8 x 0.8 mm (1/32 inch x 1/32 inch) were used. Preliminary experiments display the highly efficient two-way fluid propulsion and enhanced fluid mixing by means of flow streaming. Please refer to [17] for details.
SUMMARY
A concept of streaming-based oscillation flow micro/mini channel cooling technology is proposed. The potential advantages of the streaming based convective cooling technique includes: enhanced heat transfer coefficient compared with the conventional oscillation heat spreader, pump-less, valve-less, and compact design.
Results of preliminary studies are discussed.
